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Abstract
Bending loss of polarization maintaining optical fiber is important in optical sensing systems and
coherent communications. The internal stress exerted by the elliptical cladding creates stress-
induced birefringence so that the fiber can maintain the polarization state of linearly polarized
wave. Two different models of rectangular waveguides are used to simulate the bending loss of
the PM fiber. The first model simulates the bending loss of PM fiber without considering the pho-
toelastic effect due to bending. The second model takes into account the change of refractive
index due to bending stress. The experimental results match with the simulated results of the
waveguide models. Trends of bending loss of the PM fiber show that the power attenuation is
minimized when the direction of polarization lies along the major axes of the elliptical cladding
and parallel to the plane of curvature. The bending loss of polarization maintaining optical fiber
depends on the orientation of bending, the direction of polarization of the propagating wave and
the radius of curvature.
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1.0 Chapter I
1.1 Introduction
Polarization Maintaining Optical fiber can guide linearly polarized wave and
maintain polarization state throughout the fiber. It is useful for coherent optical communi-
cation systems [1] and fiber-optic sensing systems [2]. The analysis of radiation loss of
bent PM (polarization maintaining) fiber is very important because it is directly related to
the design and the application of these systems.
Radiation loss of curved waveguides and SMF (single mode fiber) were ana-
lyzed in many papers. However, radiation loss of bent PM fiber is not well documented in
literature. We are concerned with the power loss of PM fibers due to bending. The relation
of bending loss and radius of curvature is explored first and then the trends of power loss
with respect to different orientations of the bend with respect to the axes of the PM fiber is
investigated experimentally. In the experiment, linearly polarized light propagates along
the axis of the PM fiber. We model the PM fiber as a slab waveguide in order to calculate
the power attenuation along the curved fiber. In addition, other approximate models, such
as the Volume Current Method, can be used to calculate the power radiated from t he
curved waveguide. Therefore, Both methods of calculating the radiation loss of bent
waveguide are discussed in Chapter IV.
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Before going into details, it may be helpful to understand the physical processes
involved in radiation loss. The modal field on a straight fiber at every-point in the cross-
section propagates along the fiber axis with the same phase velocity. Therefore, planes of
constant phase are orthogonal to the axis. However, if the fiber is bent into a circular loop
of constant radius, the fields and phase fronts rotate about the center of curvature of the
bend with constant angular velocity. As the distance from the center of curvature
increases, the phase velocity parallel to the fiber axis also increases. However, the phase
velocity cannot exceed the local speed of light due to the fact that the cladding of the fiber
is uniform. Thus, there will be a certain radius, R, as which the fields in this region
become radiative.
Since there are no well-established theories related to the radiation loss of
PM fiber, we carried out a set of experiments to find out the trend of power radiated
through the bent PM fiber. A 1.45 gpm diode laser was launched into a piece of PM fiber
with elliptical cladding. The power at the output was detected by a photo-detector and
measured by an oscilloscope. The radiation losses of bent PM fibers with radius of curva-
ture ranging from 3 mm to 6 mm were recorded. Then the result was compared with the
simulated one, which is calculated by conformal transformation and the matrix method.
The thesis establishes trends of bending loss of PM fiber from the experimental data and
the analysis of the photoelastic effect in a curved fiber.
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The change of physical properties of PM fiber due to the elliptical cladding and
bending are carefully analyzed in Chapter III. Tensor analysis is used to study the photo-
elastic effect [3] caused by the stress. Both the slab model and the Volume Current Method
take into account the refractive index change. Therefore, it is necessary to include the pho-
toelastic effect into our simulation model. From both the experimental and the expected
results, we conclude that the radiation loss of PM fiber increases exponentially with
decrease of the bending radius. In addition, the bending orientation of the fiber affects the
radiation loss because the bending stress-induced birefringence is added to the designed
internal stress of the PM fiber. Therefore, if the polarization direction lies along the plane
of curvature in a fiber, the power loss is less than that when the polarization direction is
perpendicular to the plane of curvature. This result also agrees with the paper of M.P. Var-
nham [4]"Bend behavior of polarizing optical fibers". He studied the bending loss of
Bow-tie fibres [5] and mentioned that at the orientation where polarized mode was parallel
to the plane of curvature, the large index depression of the bow-tie sectors tended to con-
fine the mode to the core, thus preventing radiation loss in the bend.
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1.2 Organization of the thesis
The thesis consists of five chapters, in which the first three chapters provide the
general information of PM fiber and describe its physical properties under stress. They are
helpful to understand the analysis of the experimental results and the trends of bending
loss. Chapter IV describes two radiation models of waveguide to calculate the bending
loss. Conformal transformations and the matrix method are used in the simulation to cal-
culate the radiated power. The experimental part is discussed in chapter V.
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2.0 Chapter II
2.1 Polarization Maintaining Optical Fiber
2.1.1 PM Fiber with Elliptical Cladding
Polarization maintaining properties in a single-mode fiber are essential for optical sensors
and coherent communication systems. One of the best ways to maintain the polarization
properties of light in a fiber is to increase the birefringence of the fiber. This birefringence
can be obtained by lateral-stress anisotropy. There are different types of PM fibers, such as
Panda [6] and PM fiber with elliptical cladding, both lifting the degeneracy between two
propagating modes of orthogonal linear polarization. The operation of the fiber is based on
internal stress and one linearly polarized mode does not couple to the mode of the other
polarization. In the same PM fiber, the mode of one polarization is totally suppressed. PM
fiber can support HE11x and HEI'Y modes. It depends on the launching conditions to deter-
mine the existence of these two modes inside the fiber. PM fiber consists of a central core
surrounded by an elliptical cladding layer whose refractive index is slightly lower than
that of the core. Stress birefringence is induced in the core by differential thermal contrac-
tion between the core and the cladding as the fiber is drawn from a preform. Therefore, it
can guide linearly polarized light without distorting its polarization state along the fiber.
However, the cost of fabrication is much higher than the normal single mode fiber.
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The cross-section of the fiber is shown in the figure below.
FIGURE 1. Cross section of a PM fiber
2.1.2 Stress-induced Birefringence
Stress-induced birefringence is explained in W.Eickhoff's paper [7]. When the elliptical
cladding of the fiber has different thermal expansion coefficients than the core, stress
anisotropy creates birefringence in the core. A slab model [8] is a simple and physically
appealing model of this fiber. There are two components of stress, ox and (y in the core.
ox is the stress in the direction along the major axis of the elliptical cladding while Gy the
stress is parallel to the direction of the minor axis of the elliptical cladding. From the the-
ory of elasticity, the relation of stress components is given by the product of the difference
between the thermal-expansion coefficients (aI - a2) of the material of outer (aI) and
inner (a 2 ) cladding and the (positive) temperature difference AT between the softening
February 6, 1996
ladding
Cross section of an elliptical
PM fiber
temperature of the fiber and room temperature. Inside the core of the fiber, the stress in
both directions is found to be uniform.
FIGURE 2. Stress distribution in fibers with elliptical cladding
The formulas relating ax and ay are [7]
E (a1 - a2) ATa - b
x I - _N 2  a+b'
E (1 - 22) ATax +ay 1_N
(EQ 1)
(EQ 2)
where E is Young's modulus and N is Poisson's ratio of the fiber material, assumed to be
elastically homogenous, 'a' and 'b' are the axes of the ellipse along the x- and y- coordi-
nate direction, respectively. The stress due to differential thermal-expansion leads to a
change of the refractive index by means of the photoelastic effect or sometimes called the
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elasto-optic effect. The birefringence of the core is proportional to . - Gy and defined as
[7]
A = n -n = n P 2 (p, - al) 1- a - b
2y x y 2 1 _N 2 a + b (EQ 3)
FIGURE 3. Cross section of fibers with elliptical cladding
The quantities, p,, and p12 , are the components of the photoelastic tensor, 'n' is the mean
refractive index, N is Possion's ratio and v = 1/A is the frequency. The refractive index
in both x- and y- coordinates changes with respect to the stress anisotopy, but the index
difference between core and cladding is not affected by this anisotropy.
2.1.3 Beat Length
The polarization states of the two modes are changed periodically as they propagate
inside the fiber with the period L defined by
L 2 -
Ilx- yl B (EQ 4)
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ling
where B is the modal birefringence, X is the wavelength and 'L' is the beat length.
Assume the electrical fields propagating along the z-axis parallel to the axes of PM fiber
are 'Ea' and 'Eb', where
.2nI
Ea = AeAe n (EQ 5)
.21
Eb = B Be (EQ 6)
and nx and n, are the refractive indices along the optical axes with nx> ny.
When both fields travel for a distance of L', where
.2n
Ea = AeAe (EQ 7)
.2xT2 nyL'
Eb = BBe (EQ 8)
The phase difference of the two fields is
2ir 2ir
-2nxL' - n L' (EQ 9)
When the phase difference is equal to 2n, L' equals to the beat length. Therefore, beat
length can also be defined as
L (EQ 10)
n - ny B
The fast axis of the PM fiber is along the smaller effective refractive index axis because
the phase velocity is larger for light propagation in that direction. The slow axis is defined
as the axis with the larger refractive index. When the linearly polarized light is launched at
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45 degrees to the principal axes, the polarization state changes periodically as shown in
figure 4.
FIGURE 4. Schematic illustration of evolution of light polarization along a birefringent fiber
when the input beam is linearly polarized at 45 degrees with respect to the optical axes.
2.1.4 Extinction ratio
In addition to the modal birefringence of a fiber, the polarization maintaining prop-
erty of the PM fiber can be determined by measuring the extinction ratio. Extinction ratio
is defined as ten times the logarithm of the maximum light intensity along direction of
polarization divided by the minimum light intensity perpendicular to the direction of
polarization. The unit of extinction ratio is dB.
= ll og Intensitymax
l Intensity.minj
(EQ 11)
PM fiber with high modal birefringence can attain an extinction ratio more than 25 dB, in
which the maximum intensity of light is 316 times the minimum intensity of light.
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mode
2.2 Single Mode Non-Polarization Maintaining Fiber
2.2.1 Stress profile of bent SMF
According to the basic mechanics, we know that lateral compressive stress builds
up along the x direction when a SMF is bent or under the conditions of large deformations.
The dominant stress component in a bent fiber [9] is az = KiEx, where K = 1/R and R
is the radius of curvature and E is Young's modulus. In the x, y plane, az is a tensile
stress in the outer (x > 0) layers, but it is compressive in all inner (x < 0) layers. As a
result, the outer layer exerts a pressure -ax, in the radial (R) direction on the inner layers.
In order to calculate the lateral stress in the cross section z = 0, we assume the fiber to be
elastically homogeneous and isotropic. For a simple estimate of the stress profile, we
ignore all other stress components (oy = 0) and integrated DcYx/ax = K2Ex [9] along
the x axis with ax (±r) = 0 at the fiber surfaces,
2 /2)
ax ( x ) = KC (E / 2 ) x _r 2). (EQ 12)
FIGURE 5. Geometry of a bent fiber
Both az and ax change the refractive index of the fiber material, therefore they are incor-
porated into the photoelastic effect by tensor analysis.
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3.0 Chapter III
3.1 Physical Properties of Bent Optical fiber
3.1.1 Elasticity, Hooke's Law and Tensor Analysis
The physical properties of an optical fiber are changed when the fiber is bent into
loops. It is helpful to understand elasticity and Hooke's Law [3] before discussing the pho-
toelastic effect. In addition, we need to use tensor analysis in order to analyze the relation
between stress and strain.
A piece of fiber changes its shape when it is subjected to stress due to bending. If
the stress is within a certain limiting range, the strain of the fiber is reversible. In our
experiments, we just consider the cases where the strain is reversible, i.e. the fiber can
return to its original shape when it is released from bending. From Hooke's Law, the
amount of strain is proportional to the magnitude of the applied stress if the stress is suffi-
ciently small. Hooke's Law states that e = so, where e is the strain, a is the stress and
s is called the elastic compliance constant (modulus). The generalized form of Hooke's
Law can be written in terms of tensors as eij = Sijklkl". Due to the fact that sijkl = Sijlk
and Sijkl = Sjikl, only 36 of 81 components Sijkl are independent. In fact, it is more con-
venient to denote the tensors in terms of matrix notations. Stress and strain are both sec-
ond rank tensors. They can be abbreviated according to the following scheme,
TABLE 1. Abbreviation scheme for tensor and matrix notations
tensor 11 22 33 23,32 31,13 12,21
matrix 1 2 3 4 5 6
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According to the above table, we can write the stress and the strain tensors in matrix nota-
tion.
o1 06 051
= 6 02 Y4
[5 04 03
811 E12 E311
12 E22 E23
31 E23 E33J
1 1
1 2 6 2 5
1 1
286 E2 2• E
1
2 5
25
1
2 4
From Table 9 of Chapter VIII in "Physical Properties of Crystals" [3], the form of the (Sij)
matrix of isotropic medium is shown as follow
FIGURE 6. Compliance coefficient of isotropic material
where black dots represents non-zero components, 'o' represents zero components and
crosses represent 2 (sll - s12) . Straight lines link together the components which are
equal and the above matrix is symmetrical about the leading diagonal.
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G11
12
31
012 31
022 023
023 G33]
Isotropic material
;',
3.1.2 Stress-strain relations for isotropic materials
By using the above matrix, we can write the equations relating stress and strain in
terms of more familiar quantities, such as Young's Modulus, Poisson's ratio and the Rigid-
ity Modulus.
1
E1 = E -V(G2 + 3) } (EQ13)
1
E2 = E 2 -V
1
E3 = 1a 3 --
84 = 2 (sil - s12 ) G4
E5 = 2 (sll - S12 ) ( 5
86 = 2 (Sll 
- S12 ) G6
(7 3 + "1) } (EQ 14)
V (a 1 + 02) } (EQ 15)
1
84 = G4 (EQ 16)
1
85 = G5 (EQ 17)
1
6 = GG6(EQ 18)
where E is Young's Modulus, G is Rigidity Modulus and v is Poisson's Ratio. The rela-
tions between S i.. and E, G, v are shown as follow.
Sil = 1/E, S12 = -v/E and G = E/{2 (1 + v)}
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El = SlG1 + s12G2 + S1203
E2 = S12(l + S110 2 + S12G 3
E3 = S12o1 + S12o 2 + Sll1 2
3.1.3 Stress-strain relations for bent SMF
Tensor analysis is very useful in understanding the stress-strain relation of a bent optical
fiber. The amount of strain in a bent fiber is critical because the formula of the photoelastic
effect in the later section requires the knowledge of strain induced inside a bent fiber.
From section 2.2.1, we can calculate the amount of stress in the x, y and z directions as
follow:
ox (x) = 2 (E/2) x - r) N/m2, where -3.6gm < x < 3.6p'm; r = 125/2gm
y = 0 (For a simple estimate of radiation loss, we ignore all other stress components in
the y direction)
Oz = KEx, where Ki = 1/R and E is the Young's modulus.
Substituting the above quantities into the equations 13, 14 and 15, we get
= { 2 X2 2) -v (cEx)} (EQ 19)
82 = E{-V 1Ex + 2 - r (EQ 20)
1 2E( 2 283 = {cEx-vc 2 x - r } (EQ 21)
E 2
where E ,12 ,E3 represent the strains in the x, y and z directions respectively.
3.1.4 Photoelastic effect, photoelastic (elasto-optical) coefficients of PM fiber
The photoelastic effect is the change of refractive index caused by stress. It affects the
radiation loss of a bent fiber significantly. In general, the refractive index is affected by
both the electric field and the stress. The relative dielectric impermeability tensor Bij is
related to both effects by the following equation.
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ij = ZijkEk ijkl kl
where B = 1/n 2 , n is the refractive index, Zijk is a third-rank electro-optical coefficients
and lnijkl is the piezo-optical tensor.The number of independent photoelastic coefficients
can be reduced from four subscripts to two subscripts. In equation 22, ABij = ABji for all
Ek and Ykl; therefore, iTijkl = "jikl. If the body-torques [3] are ignored, the coefficients
becomes 7cijkl = ijlk . Therefore, the photoelastic effect of equation 22 can be simplified
to
AB m = imn n, (m, n = 1, 2,..., 6)
ABm P= mnn, (m, n = 1,2,..., 6 )
(EQ 23)
(EQ 24)
where pmn are the photoelastic coefficients and E, are the strains.
The Eimn are related to the itijkl by the rules: [3]
7mn = Cijkl when n = 1, 2, or 3;
1mn = 27ijkl when n = 4, 5, or 6.
According to the table 15 of chapter XIII in the "Physical Properties of Crystals" by J.E
Nye, the form of the photoelastic matrix of isotropic material is
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(EQ 22)
FIGURE 7. Photoelastic matrix of isotropic material
Black dots represents pll and p 12 , where the same coefficients are linked together. Cross
1
stands for 2 (pll + P 12) . The empty parts of the matrix represent zero terms.
From the form of figure 7, we can write equation 23 in matrix form. Since we only need to
know about the change of B in the x and y directions, and most of the other photoelastic
coefficients are zero, we just show the necessary components and its numerical values in
equation 24. In general, B and e are lx6 vectors and the matrix of photoelastic coeffi-
cients is 6 x 6 matrix.
Numerical values of p 11 and pl12 of fused silica are found in the American Physics Hand-
Book [17] to be: pll = 0.121, pll = 0.270
ABX 0.121 0.270 0.270 Ex
AB = 10.270 0.121 0.270 y (EQ 25)
AB 0.270 0.270 0.121 _
From the above relation, we can find An from AB directly.
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x
x
x
1B = -, 2
n
AB An
1 3
1 3An = -2n AB
(EQ 26)
(EQ 27)
(EQ 28)
By substituting v (Poisson's ratio) = 0.17, n (refractive index of the core) = 1.459,
R(radius of curvature) = 5 mm, r(radius of the fiber) = 125/2 gm and x in the range of -
3.6 p.m and 3.6 gpm into equation 26, we can obtain the following formula.
n = 1 (1.4593 0.0292 1 2( 125 -6 0.2035An .459) { 2 (.  0.005x
=-- 0.0 x 2- _010 6 .00295x
(EQ 29)
Anx
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FIGURE 8. Change of refractive index along the x-axis of a bent optical fiber
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4.0 Chapter IV
4.1 Radiation loss of bent PM fiber
There are many ways to estimate the radiation loss of bent optical fibers. One
way is to analyze curved optical waveguides by conformal transformation [10] and
approximate the nonuniform waveguides by a series of linear profiles [12] to yield bend-
ing loss directly. Another method is treating the loop of fiber as a source of current which
radiates as an antenna. This method is called the Volume Current Method [15][16]. Both
methods can incorporate the change of refractive index into the calculation.
4.1.1 Analysis of Curved Optical Waveguides by Conformal Transformation
An idealized case of a PM fiber is a slab model structure. When the fiber is bent
into a loop, it can only support radiation modes and the radiation loss problem can be ana-
lyzed by conformal transformation [10] and the matrix method [11]. The basic concept of
this method is to convert curved boundaries in the x, y plane to straight ones in the u, v
plane.
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The two-dimensional scalar wave equation [9] is
[V2 + k2 (x,y)q = 0 (EQ 30)
By changing the x, y coordinate system into the u, v coordinate system with the function
f(z), we are going to obtain the solutions to the above equation in the u, v coordinate sys-
tems.
W = u + iv = f(z) = f(x + iy) (EQ 31)
According to the Cauchy Riemann relations (au/lx = Ov/ay, au/ly = -av/ax),
equation 29 may be expressed in terms of u, v coordinates as follow:
[VE + 2k2 (x (u, v), y (u, v) )] = 0 (EQ 32)
We can choose the function of f(z) [10] to be
f(z) = u+iv = Rln(X+ i(R (EQ 33)
in order to transform the boundary conditions of curved waveguide into a straight one.
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FIGURE 9. Conformal Transformation
FIGURE 10. Effective index profile of bent waveguide
4.1.2 Matrix Method with Linear approximation of refractive index squared
The propagation characteristic of optical planar waveguides can be solved by the
matrix method proposed by Ghatak et al. [ 12]. However, the method described below is a
modified version proposed by C. Goyal et al. The difference between these two methods is
the approximation of the nonuniform refractive index in the waveguide. In the first
method, the nonuniform refractive index is approximated by a series of uniform step pro-
files. Therefore, a large number of layers may be needed to obtain convergence. However,
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The refractive index profile of The effective refractive index
a bent fiber profile after conformation transformation
R
the second method approximates the nonuniform layers by a series of linear profiles. The
linear profiles of refractive index depend on the original index as well as the slope of the
nonuniform index. This additional information leads to a more rapid convergence and
saves computational time.
Goyal's approach divides the nonuniform index into N layers as shown in the figure
below. Each layer has a linear variation of refractive index squared, which is specified by
equation 33.
N
kx)
di 1 X
FIGURE 11. Planar structure consisting of N layers, each of which has a linear variation in the
square of refractive index.
n (x) = Ni +oix (EQ 34)
where N, is the refractive index at the left boundary of the i th layer and x is the distance
from this point. Therefore, the origin of the x coordinate changes in every layer. The thick-
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di I 71 -x
ness of each layer is di. This structure will support only the quasi-modes since the first and
the last layer's effective index exceeds that in the core. The direction of propagation of the
electromagnetic wave is perpendicular to the plane shown above. The field in each layer
satisfies the scalar wave equation. [12]
d ;+ kon ) (x - 2 = 0 (EQ 35)
where ko is equal to L and P is the propagation constant. We can transform the above
equation to
2
dZ21
b--SX 2 3
where Z i = 2 , b = 2 /k, S i = i/ko, X = x/k o .
Si
The solution to equation 35 in terms of the Airy functions Ai and Bi [13] is
f (Zi) = CiAi (Z,) + DiBi (Zi) (EQ 37)
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(EQ 36)
2 . 0
)
By matching the boundary conditions of continuity of field and its derivatives between
each layer, the matrix relating the fields in the adjacent layers can be found. The attenua-
C2 + D
tion coefficient,2F, is related to the ratio 2 i by the following
C1 +D
equation. Deriva-
tion of these equations can be found in reference [12].
2 2
C 1 +D 1
where F2  1 (br b
C1 (br)
2 D 2
Ci (br) + Di(br) 1
- 2 2 2
C, (br) (b-br) 2+
2
r and r denotes the quasi-modes.
k0
Equation 37 is a Lorentzian function and the full width at half maximum (FWHM) repre-
sents the power attenuation coefficient which is equal to 2F.
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(EQ 38)
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FIGURE 12. Variation of as a function of b in Lorentzian function.
C1 + D1
The power inside the core of the waveguide decreases as a function of 2F.
P (4) = P (0) exp (-2Fk0 P )
The bending loss is measured with respect to the attenuation factor 2F.
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4.1.3 Simulation of bending loss of PM fiber
* The specific type of fiber tested in the experiment is 3M-FS-PM-6621. Its operating
wavelength is 1300 nm. Mode field diameter is 8.0 ± 0.5 m . The core diameter is
about 10% less than the mode field diameter, which is 7.2 ± 0.5pm . Diameter of the
fiber is 125 Lpm. The second mode cut-off wavelength is less than 1270 nm. Nominal
numerical aperture is 0.13. The refractive index of the inner cladding, n2, in preform
1
stage is equal to 1.453. By the formula of NA = [n + n and the value of n2
n1 = 1.459. Therefore, the difference, An between n1 and n2 is equal to 0.006, i.e.
An %=0.41%. The birefringence between the x and y axes expressed as refractive index
difference is 8n = 4.3x10 -5
FIGURE 13. PM fiber's cross section
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* Simulation of Bending loss
* It is obvious that curved waveguides are radiative disregarding the stress-induced
birefringence inside the fiber. In the simulation, the bent PM fiber was modelled as
three types of curved planar waveguide. The first model used the refractive index pro-
file of a straight waveguide. Bending loss was calculated with respect to different radii
of curvature. The second one included the change of refractive index caused by bend-
ing. The last one included both the photoelastic effect due to bending stress and the
internal stress caused by the elliptical cladding in the direction along the major axis.
* The simulation was based on the analysis of curved fiber by conformal transforma-
tion and the matrix method described in the previous sections. We used the Lorentzian
resonance profile to find the FWHM (full width half maximum) of the function at reso-
2F
nance. This is the power attenuation factor, - of the curved fiber. The wavelength0
used in the simulation was 1.5 gm, which was very close to the wavelength, 1.45 gm,
used in the experiments. But we are interested in the trend of bending loss rather than
the exact figures, so these results are acceptable.
*Results of the simulation are summarized in the following graph.
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FIGURE 14. Bending loss of waveguides with different refractive index profiles
v
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Analysis:
Bending loss of bent optical fiber increases exponentially with respect to the decrease of
bending radius[13]. The above curves correspond to the logarithm of bending loss with
different refractive index profiles. There are three curves in the figure 14. The first one
corresponds to the bending loss of a curved fiber without considering the change of refrac-
tive index due to bending stress and the internal stress caused by the elliptical cladding. In
this situation, it predicts higher bending loss than the other two cases. This model is used
to simulate the bending loss when the polarization direction of the wave is perpendicular
to the plane of curvature. The refractive index profile along the direction of polarization is
similar to the first type of waveguide because bending induced stress does not affect the
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refractive index profile along this direction. As shown in figure 16, Any at the origin (i.e x
= 0) is close to zero. Therefore, the effective index along the y direction is not modified by
the bending stress. Orientation of the elliptical cladding and direction of polarization of
the wave is shown as follow.
FIGURE 15. Orientation of elliptical cladding and direction of polarization of type I fiber
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FIGURE 16. Change of refractive index in the y direction due to bending stress along the x-axis
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The second curve corresponds to the bending loss of a fiber including the photoelastic
effect due to bending. The change of refractive index along the x -direction is calculated
by equation 28 with the radius of curvature equal to 5 mm. The corresponding graph of the
change of refractive index is shown in the figure 8. Negative values of x correspond to the
section closer to the center of curvature where as positive values of x to points of increas-
ing radius from the core center. The modified refractive index profile before transforma-
tion is the superposition of the step index profile and the profile due to bending stress.
r 1
Original refractive index profile due effective index profile obtained
index profile to bending by superposition
FIGURE 17. Superposition of refractive index profile of type II waveguide
The photoelastic effect due to bending reduces the radiation loss. As the slope of the effec-
tive index profile is reduced because of the change of refractive index, more power of the
February 6, 1996
I~ ~·
wave is guided inside the core. Therefore, the radiation loss of the second case is less than
that in the first case, in which the photoelastic effect is ignored.
LZZ~
x
The refractive index profile of
a bent fiber without bendmg birefnngen
>x
The refractive index profile
including bending birefrmngence
il
u
The effective refractive index
ce profile after conformation transformation
n(u)
U
The effective refractive index profile
after transformation
FIGURE 18. Conformal Transformation: Top: waveguide not including photoelastic effect
Bottom: waveguide including photoelastic effect
As shown in figure 18, the index profile of the second waveguide is not a regular step pro-
file. The slope of the profile is caused by the photoelastic effect. After conformal transfor-
mation, the effective index profile becomes less radiative as the variation of index is
reduced by the bending stress.
The third simulation included both the photoelastic effect due to bending and internal
stress. The difference of refractive index, in, between the two axes in the PM fiber is
about 4.3x10- 4 . The index profile of this waveguide is equal to the sum of the index pro-
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n(x)
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file of the second waveguide and the difference, 8n . When linear polarized light is propa-
gating along the major axis (large radius of the elliptical cladding) of the PM fiber, the
depression of the elliptical cladding tends to confine the mode to the core, thus preventing
radiation loss in the bend. Therefore, the bending loss is least among all the cases in a bent
PM fiber. The polarization direction of the wave is shown as below.
FIGURE 19. Orientation of the elliptical cladding and the direction of polarization
4.2 Volume Current Method
The way of modelling radiation loss of bent waveguide by a current-carrying antenna is
mentioned in Chapter 23 of Snyder's book [13]. However, he modelled the fiber as an
antenna of infinitesimal thickness which radiates in an infinite medium of index equal to
the cladding index. The Volume Current Method is a more specific way to calculate the
radiation loss by perturbation technique. This method is valid only for loss due to small
refractive index perturbation in a waveguide. It is described in Mark K. and Hermann A.
Haus's paper [13] and I.A. White' paper [14]. The basic principle of this method is
straight forward. In the VCM, the radiation field is represented as the far field of an equiv-
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alent volume polarization current density. The induce polarization current density in a bent
fiber is [16]
J = jwoAe (r) E (EQ 40)
where AE(r) = E(r) - 1
The polarization current flows in the same direction as the guided electric field inside the
waveguide. J is nonzero only within the waveguide where As is nonzero. In a bent opti-
cal fiber, As is the difference of the dielectric constant between the core and the cladding.
In a straight waveguide, polarization current also exists within the waveguide where
As • 0. However, the waveguide does not radiate because the radiation field cancel each
other in the far field of a straight waveguide. In a bent optical fiber. radiation is produced
because of the geometric perturbation. In general, there are polarization currents inside the
core and the cladding. The radiation problem of bent fiber is solved by integrating the
polarization current density inside the core by equation 41. In particular, the polarization
current density inside the core of a PM fiber is a function of x, y, z because of the varia-
tion of dielectric constant due to internal stress and bending inside the core.
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FIGURE 20. Geometry of the bent fiber and its dielectric constant
The radiation problem of the wave equation is solved in terms of vector potential A in the
Lorentz gauge [15].
The far field (the radiation field) of A is defined as
A (r) = - dVJ (r') r') (EQ 41)47c r v
where J = jWAE (r) Eg and k = o, 4 6E1 .
The electric field in the waveguide is approximated by the field of the known guide mode,
Eg The far field of the radiated fields E and H in terms of A can be reduced to
E = -j?× x (Ax ×) and (EQ 42)
H = jw /•t o (Ax ) (EQ 43)
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Finally the total power loss is obtained by integrating the Poynting's vector S over an
enclosing surface.
PR = (S Pr2 )d (EQ 44)
ok lA2
where the Poynting vector S is equal to Fr | x Al the attenuation factor, y, is defined2R0
Prad
as . In general the total radiated power increases as the difference of dielectric
LP (O)
constants between the core and cladding increases. However, since the total power of the
wave inside the core increases as function of the dielectric constant difference, the attenu-
ation factor depends on both Prad and P(O). From the result of our simulation in the previ-
ous section, y decreases when the difference of dielectric constants between the core and
the cladding increases. In the Volume-current method, modifications of the dielectric per-
mittivity due to photoelastic effect can be directly incorporated via the term As (r) in the
equation of the induced current density. Since we have used the Matrix Method to do the
simulation, the calculation of bent PM fiber by VCM will be left for future work.
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5.0 Chapter V
5.1 Measurement of Bending loss of PM fiber
From the previous sections, we know that the attenuation factor is an exponential function
of the radius of curvature. We expect the radiation loss of PM fiber is similar to that of
SME However, due to the effect of internal stress caused by the elliptical cladding and the
polarization maintaining property of PM fiber, radiation loss also depends on the polariza-
tion direction of the incident wave and the orientation of the major axes along the loop.
Therefore, we are going to measure the bending loss of PM fiber with respect to different
radii and bending orientations.
We are only interested in the trends of the bending loss. The experiment is designed to test
the radiation loss of a 3M PM fiber (elliptical cladding) and show that there is a major dif-
ference in the bending loss when the fiber is bent along the different axes. The order of
magnitude of the difference should agree with the simulated result from the previous sec-
tion 4.1.3.
Setup of the experiment is shown in figure 21.
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FIGURE 21. Setup of the experiment
The setup involves a 1.45 gm diode laser, a polarizer, a half-wave plate, a lens, two fiber
holders, two rotational controllers, a bending device, a photo-diode detector and an oscil-
loscope.
Specifications of the fiber is explained in section 4.1.3. Length of the fiber is 1 meter. The
major and minor axes are located under the microscope as below with the orientation of
bending denoted by 0.
FIGURE 22. Cross-section of PM fiber along the x, y plane
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Plane A
Z Loop of PM fiber
Cross section of the PM fiber
along plane A
5.1.1 Design of the bending equipment
In order to change the orientation of bending, two rotational fiber holders were placed
before and after the loop. Both holders had rotational scale in degrees so that we could
control the orientation of bending precisely. The bending device was basically composed
of two transparent plastic plates separated by a small gap as shown below.
FIGURE 23. Bending device
This device could force the fiber into a circular loop without exerting additional stress to
the fiber. We measured the bending loss in different orientations by using the rotational
controller and the bending device.
5.1.2 Procedures
Linearly polarized light was launched onto the PM fiber by adjusting the x, y and
z coordinates of the lens. In order to match the direction of polarization with the major
axis of the PM fiber, the polarization of the source was changed by rotating the half-wave
plate and finding the maximum extinction ratio of the output. Output of the straight PM
fiber was recorded as a reference of P(O). By using the bending device, the PM fiber was
bent into a small loop with radius of 6 mm.
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Power of output was recorded from the oscilloscope. Then, the bending orienta-
tion was changed by rotating both of the controllers from 0 to 180 degrees. Power of the
output was recorded at every 20 degrees. In the next set of experiment, the radius of curva-
ture,R c , was reduced to 5.5 mm and the above measurements were repeated. Rc was
changed from 6 mm to 3 mm by 0.5 mm each time until the fiber reached its elastic limit,
i.e. the strain of the fiber cannot be restored after this limit.
5.1.3 Results
Results of the measurement show that bending loss of PM fiber depends on the
radius of curvature, the direction of polarization along the fiber and the bending orienta-
tion. When the polarization of the wave is along the major axis and the bending orienta-
tion, 0, equals to zero, power attenuation is minimized.
FIGURE 24. Bending orientation and direction of polarization which corresponds to the minimum
power attenuation
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According to the graph in figure 26, power attenuation is the maximum value when the
fiber is rotated to 90 degrees.
FIGURE 25. Bending orientation and direction of polarization of maximum power attenuation
All of the results are summarized in the graph below.
Logarithm of Bending Loss of PM fiber VS Bending Orientation for different radius of curvature
6.5 r
3
-100 -80 -60 -40 -20 0 20
Orientation of Bending(degree)
40 60 80
FIGURE 26. Logarithm of Bending loss of PM fiber of different radius of curvature VS the
bending orientation
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The calculation of bending loss of this experiment is based on the following formula.
10g-lo (P /P (EQ 45)
out" in'
From equation 39 (P (Z) = P (0) exp (-yZ) ), bending loss is related to the attenuation
factor y of a curved fiber by the following relation.
10L log (P out/Pin) = 10log (e) y= 4.343y.
The attenuation factor is an exponential function of the radius of curvature, Rc . When we
take the logarithm of the bending loss, it results in a linear function of Rc . The three
dimensional diagram of this relation is shown in the graph below.
Logarithm of Bending Loss of PM fiber VS Bending Orientation for different radius of curvature
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FIGURE 27. 3-dimensional graph of logarithm of bending loss vs radius of curvature and the
orientation of bending, 0 , in degrees.
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We can extract the curves of the logarithm of bending loss when 0 is equal to 0 and 90
degrees and compare the difference with the graph in figure 14.
Logarithm of bending loss of PM fiber for two differnt bending orientations
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FIGURE 28. Experimental data: Logarithm of bending loss in two different bending orientations,
90 and 0 degrees.
The bending loss of type I waveguide in figure 14 simulates the bending loss of a PM fiber
when the bending orientation is equal to 90 degrees as shown in figure 25. In this case, the
stress due to bending cannot change the refractive index along the y-axis, which is parallel
to the polarization direction of the propagating wave. The bending loss of type III
waveguide in figure 14 is analogous to the case of lower curve in figure 28 when the polar-
ization direction is along the plane of curvature shown in figure 24.
In order to compare the experimental results in figure 28 with the simulated results of fig-
ure 14, the two graphs are combined together with the same logarithmic scale.
February 6, 1996
Logarithm of bending loss of PM fiber and SMF
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FIGURE 29. Logarithm of bending loss of both simulated and experimental results
Note: El: PM fiber with orientation of bending equal to 90 degrees
(Experimental result)
S 1: PM fiber with orientation of bending equal to 90 degrees
(Simulated result)
E2: SMF (Experimental result)
S2: SMF (Simulated result)
E3: PM fiber with orientation of bending equal to 0 degrees
(Experimental result)
S3: PM fiber with orientation of bending equal to 0 degrees
(Simulated result)
The curves of the experimental results are denoted as El, E2 and E3 while the curves of
the simulated results are denoted as S 1, S2 and S3. El and S 1 represent the bending loss of
PM fiber when the polarization direction is perpendicular to the plane of curvature as
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shown in figure 25. E2 and S2 represent the bending loss of non-polarization maintaining
single mode fiber. E3 and S3 represent the bending loss of PM fiber when the polarization
direction is parallel to the plane of curvature as shown in figure 24.
As shown above, the experimental results and the simulated results are different by a fac-
tor smaller than 3, which is acceptable since they are in the same order of magnitude. In
particular, the bending loss of PM fiber with radius of curvature equal to 3 mm is about 5.6
dB/cm. The differences of the bending loss between the curves El and E3, S and S3 are
normalized by the bending loss of PM fiber as shown in the following table.
TABLE 2. Difference of bending loss between the cases when the direction of polarization lies
along the plane of curvature (orientation = 0 degree) and perpendicular to the plane of curvature
(orientation = 90 degrees) normalized by the bending loss of PM fiber.
adius of curvature (mm) imulated result xperimental result
3.5 0.76 0.28
4.0 0.81 0.40
4.5 0.85 0.53
5.0 0.88 0.63
5.5 0.90 0.71
Although the normalized difference of bending loss between the two extreme cases of
bending orientation shows that the experimental result and the simulated result are differ-
ent by a factor of 2 or 3 for small radii of curvature, the simulated trends of bending loss of
PM fiber are very similar to the experimental ones for the cases when the radii of curva-
ture are larger than 4.5 mm.
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FIGURE 30. Measurement of Bending loss of PM fiber and SMF
In the case of SMF, the bending loss is an exponential function of the bending radius. The
type of SMF used is SMF-28 with mode-field diameter of 9.3 pm. The refractive index
difference between the core and the cladding equals to 0.36%. The bending loss of SMF is
expected to be between the bending loss of the two extreme cases1 of PM fiber. In figure
14, the bending loss of type II waveguide is analogous to the case of a bent single mode
fiber with the assumption that linearly polarized light propagates in the small loop of sin-
gle mode fiber. However, from the results in figure 29, we find that the bending loss of
SMF is less than that of PM in both of the extreme orientations, by a difference ranging
from 104 to 106 dB/km. The normalized differences between the bending loss of the
bent SMF and the PM fibers are summarized as follows.
1. Orientation of the bending with respect to the axis equals to 90 and 0 degrees.
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TABLE 3. Experimental result of the differences of bending loss between SMF and PMF
normalized by the bending loss of PM fiber.
adius of ifference of bending loss ifference of bending loss
urvature etween SMF and PMF etween SMF and PMF
mm) orientation = 0 degrees) (orientation = 90 degrees)
3.5 0.75 0.82
4.0 0.77 0.87
4.5 0.79 0.89
5.0 0.81 0.93
5.5 0.83 0.95
TABLE 4. Simulated result of the differences of bending loss between SMF and PMF normalized
by the bending loss of PM fiber.
adius of ifference of bending loss ifference of bending loss
urvature etween SMF and PMF etween SMF and PMF
mm) orientation = 0 degrees) orientation = 90 degrees)
3.5 -0.10 0.74
4.0 -0.11 0.79
4.5 -0.13 0.83
5.0 -0.15 0.86
5.5 -0.18 0.88
Note: The negative
mental result.
values means that the simulated result does not match with the experi-
From the experimental results, it is obvious that the bending loss of SMF is less than that
of PMF. This result only matches with the simulated result of the type I waveguide, in
which the polarization direction of the wave is perpendicular to the plane of curvature.
The experimental differences and the simulated differences are shown in the third column
of table 3 and table 4 respectively. However, the experimental results contradict the simu-
lated results for the case of type III waveguide, in which the polarization direction is paral-
lel to the plane of curvature. From the second column of table 3 and table 4, we see that
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the difference between the bending loss of PM fiber (orientation = 0 degrees) and SMF are
not close to each other. Moreover, it contradicts our prediction that bending loss of SMF
should be larger than that of PM fiber when the polarization direction is along the plane of
curvature in the PM fiber.
The above result shows that the slab waveguide is not a good model to estimate the radia-
tion loss of single mode fiber. In addition, bending loss depends on both the radius of the
core and the difference of dielectric constants between the core and the cladding.
Although the matrix method can incorporate the change of dielectric constants inside the
core into the calculation of bending loss, it can only model the optical fiber as a two
dimensional waveguide. Therefore, we may have to use the Volume Current Method to
estimate the bending loss of SMF for a more precise result in the future.
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5.2 Conclusion
The investigation of the bending loss of polarization maintaining optical fiber is
useful to both optical sensing system and coherent optical communications. The bending
loss of PM fiber depends on the radius of curvature, the direction of polarization of the
wave and the orientation of bending. The internal stress caused by the elliptical cladding
increases the difference of refractive index between the core and the cladding. Therefore,
more power is confined in the core which results in a smaller bending loss. In addition, the
bending-induced stress changes the refractive index profile of a PM fiber into a tilted step
profile. The effective refractive index profile of the waveguide becomes less radiative than
that of a uniform step waveguide. These trends of bending loss are proved by the experi-
mental results. When the direction of polarization lies in the same direction of the major
axis of the elliptical cladding and the plane of curvature, the bending loss is minimized.
However, the bending loss is maximized when the direction of polarization is perpendicu-
lar to the plane of curvature. The differences of bending loss between the two extreme
cases of bending orientation (0 = 90 degrees or 0 degree) for different bending radius
range from the order of 103 to the order of 106 dB/km. The difference increases with
the decrease of the radius of curvature. Since the stress along the x -axis and the z -axis are
functions of 1/R 2 land 1/R respectively, the change of refractive index caused by the
photoelastic effect increases as the bending radius decreases. The bending loss is domi-
nated by the bending-induced stress at small radii of curvature. Therefore, the difference
of bending loss increases as the bending radius decreases.
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1. R is the radius of curvature.
From the experimental results, we conclude that the bending loss of SMF-28
fibers is less than that of 3M-FS-PM-6621 fibers. It partly agrees with the predicted trend.
As shown by the curve of type I waveguide in figure 14, when the polarization direction
lies perpendicular to the plane of curvature in a PM fiber, the bending loss of SMF is less
than that of a PM fiber. This is due to the fact that the effective refractive index profile
along the y-axis of the PM fiber is not affected by the photoelastic effect caused by the
bending stress. However, the photoelastic effect due to bending changes the refractive
index profile of a bent SMF in such a way that it confines the mode power into the core.
When the direction of polarization in a PM fiber is along the major axis of the
elliptical cladding and parallel to the plane of curvature, the bending loss is predicted to be
less than the bending loss of a SMF. However, the experimental result does not match with
our prediction. Experimental result shows a clear trend that the bending loss of the SMF is
less than that of the PM fiber. Therefore, we have to choose a better model to estimate the
bending loss of SMF fiber in order to explain this trend. To conclude, we find that the
bending-induced stress helps to prevent the radiation loss in the core and bending loss of
PM fiber depends greatly on the bending orientation in additional to the radius of curva-
ture.
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